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Recently, it has become apparent that plant G-proteins interact with multiple RKs, and that G-proteins are genetically required for RK-mediated responses. [5] [6] [7] How RKs regulate G-protein signaling downstream of ligand perception remains unclear. Using the immune RK FLAGELLIN SENSING 2 (FLS2) as a model, Liang and colleagues address the ambiguity over RGS1 function, and identify RGS1 phosphorylation sites critical for de-repression of G-protein signaling. 8 Overall, their study details an exciting new mechanism by which plant G-proteins are activated in response to extracellular ligand perception that may have broad implications for signaling via plant RKs.
In animals, G-proteins are controlled through interaction with seven-transmembrane domain GPCRs that activate intracellular signaling upon ligand perception. The heterotrimeric G complex consists of α, β and γ subunits, which in animals are encoded by multi-gene families. For example, the human genome encodes 23 Gα, 5 Gβ and 12 Gγ subunits, in addition to greater than 800 GPCRs. 3 The diverse subunits allow for myriad combinations and thus exquisite signaling specificity. By comparison, plant genomes encode no GPCRs and a limited number of G-protein subunits. Arabidopsis encodes four Gα (GPA1, XLG1, XLG2 and XLG3 where XLG is EXTRA LARGE G PROTEIN), one Gβ (AGB1) and three Gγ (AGG1, AGG2 and AGG3) proteins. 3 Nevertheless, genetic analysis in Arabidopsis reveals that G-proteins function in many aspects of plant physiology. 5 Plant Gα proteins are distinct from their animal counterparts in that they undergo spontaneous guanine nucleotide exchange, 2 suggesting that in the absence of negative regulatory factors, plant Gα proteins would be constitutively active. Animal G-proteins are activated in response to ligand binding by an associated GPCR that promotes exchange of GDP for GTP by the Gα subunit.
3 GTP binding induces both the dissociation of the G-protein complex from the GPCR and dissociation of Gα from the Gβγ subunits. Gα and Gβγ are then freed to initiate downstream signaling via interaction with diverse effector proteins. Attenuation of signaling occurs following GTP hydrolysis by Gα, leading to reconstitution of the inactive Gαβγ heterotrimer. GTPase accelerating RGS proteins promote return to the resting state by enhancing the GTPase activity of Gα. 3 Because they undergo spontaneous guanine nucleotide exchange, plant Gα proteins must be held in the inactive state to limit downstream signaling. Maintenance of inactive G-protein complexes is achieved by interaction with plasma membrane-localized RGS proteins (RGS1 in Arabidopsis) that promote the GDP-bound state of Gα through enhancing GTP hydrolysis. 3 How this repression is relieved in response to different stimuli is unknown.
Several recent studies have linked G-proteins to plant RKs, including FLS2. 4, 6, 7, 9 Upon flagellin (or its derived peptide flg22) perception, FLS2 forms a complex with its co-receptor BRASSI-NOSTEROID INSENSITIVE 1 ASSOCIATED KINASE 1 (BAK1), leading to activation of the receptor-like cytoplasmic kinase BOTRYTIS INDUCED KINASE 1 (BIK1) and subsequent downstream signaling. 1 Notably, all the components of an inactive G-protein complex, i.e., RGS1 and a GDP-bound Gαβγ trimer, are associated with FLS2 in the resting state in vivo, suggesting the involvement of G-proteins in plant immune signaling. Indeed, genetic analysis implicates RGS1 and Gα proteins in immune signaling downstream of flg22 perception. 4, [7] [8] [9] [10] While it is clear that the Gα protein XLG2 positively regulates flg22-induced ROS production and bacterial immunity, the role of RGS1 in immune signaling has been the subject of some controversy. In Arabidopsis, RGS1 has previously been shown to positively regulate the flg22-induced ROS burst.
regulate different branches of immune responses. 7, 8, 10 Positive and negative regulation of immunity by Gα proteins and RGS1, respectively, raises the question of how Gα repression by RGS1 is released to activate G-signaling in response to flg22 perception.
The work by Liang and colleagues 8 reveals that phosphorylation of RGS1 is the likely trigger for activation of G-protein signaling downstream of RK complexes. Early studies of RGS1 show that it undergoes endocytosis in response to glucose stimulation driven by with no lysine 8 (WNK8)-mediated phosphorylation.
11 WNK8 phosphorylation of RGS1 on Ser428 and Ser435/436 is essential for RGS1 endocytosis. Following the discovery of RGS1/Gαβγ association with RKs, the immunity-related protein kinases BAK1 9 and BIK1 7 were shown to phosphorylate different components of the G-protein complex in response to flg22 perception, including phosphorylation of RGS1 by BAK1. BAK1 targets the same RGS1 residues as those phosphorylated by WNK8, suggesting that Gprotein activation downstream of FLS2/BAK1 could be activated by phosphorylation-dependent endocytosis of RGS1, which would relieve Gα subunit inhibition and activate G-signaling. Importantly, Gα proteins dissociate from rather than follow RGS1 into the endocytic pathway, 9 but how this occurs prior to RGS1 internalization has remained unclear. In their latest work, Liang et al. 8 show that an additional phosphorylation site promotes dissociation of RGS1 from both FLS2 and XLG2. BIK1 phosphorylates RGS1 at Ser431, in the same vicinity as the previously known WNK8/BAK1 sites. 8 Phosphorylation of RGS1 at Ser431 promotes dissociation of the FLS2/RGS1/XLG2/Gβγ complex, de-repressing RGS1-mediated inhibition of XLG2 and activating G-proteindependent immune signaling. Simultaneous phosphorylation of RGS1 Ser428, Ser431 and Ser435/436 is required for complete derepression of G-protein signaling, but phospho-mimetic mutation of all four sites does not cause constitutive signaling via XLG2. 8 Notably, both BIK1 and BAK1 phosphorylate additional residues on XLG2 and GPA1 that are either required for function in immunity, 7 or modulate Gα function. 12 It will be interesting in future to understand at the mechanistic level how these additional phosphorylation events regulate Gα function following release from the receptor complex. Furthermore, it will be important to determine whether RGS1 phosphorylation operates to release Gproteins from repression in the context of other RK complexes. Fig. 1 Regulatory phosphorylation of RGS1 initiates G-protein-dependent signaling downstream of flg22 perception. Under naïve conditions, RGS1 associated with FLS2 maintains the Gα protein XLG2 in the inactive, GDP-bound state. Upon PAMP perception, BAK1 phosphorylates and activates BIK1, which subsequently phosphorylates RGS1 at Ser431. RGS1 phosphorylation leads to dissociation of the heterotrimeric Gprotein from RGS1, GDP-to-GTP exchange by XLG2, G-protein activation, and subsequent activation of downstream signaling via regulation of effector proteins
